Introduction
A fundamental understanding of the transient characteristics and stability behavior of in-tube condensing flow systems is important in a broad spectrum of energy transport and conversion processes, ranging from reheat, reboiler, and submerged evaporator systems associated with nuclear and conventional power plants ͓1,2͔ to applications in the process and chemical industries, as well as systems associated with refrigeration, air conditioning, and space power generation. Large flow excursions of the condensate in single and multitube condensing flow systems could substantially affect the performance and control of the processes taking place within these systems and, in turn, cause damage to associated mechanical equipment and components and endanger the safety of such systems. For example, large flow oscillations in the subcooled liquid at the end of the condensation process, including possible flow reversals, are likely to cause process control problems and/or large impulse loads that may result in substantial damage to various system components.
Although there are many two-phase flow models in existence, their source can be tracked back to four distinctively different types of modeling techniques. Collier and Thome ͓3͔ and Wallis ͓4͔ have listed these techniques as the homogeneous-flow, separated-flow, drift-flux, and flow pattern models. All four of these models have been applied to mostly steady-state evaporating flow systems. All these modeling techniques are formulated from the fundamental principles governing single-and multiphase flow phenomena, in general-that is, the conservation of mass, conservation of energy, and the momentum principle, along with various constitutive relationships. Some have been applied to transient condensing flows. A good summary of all these modeling techniques has been compiled by Kobus ͓5,6͔.
The separated flow model ͓2-4͔ has been the most utilized for transient condensing flows. It considers the two phases to be artificially separated into two streams: a liquid stream and a vapor stream. The model is sometimes referred to as the "two-fluid" or "unequal velocity" model and increases in complexity as more differences in the streams are considered. The basic assumptions behind the separated flow model are that liquid and vapor velocities, although they may be different, are assumed to be uniform across any cross section; also, thermodynamic equilibrium is assumed to exist between phases ͑although this assumption does not have to be made, in general͒ and viscous dissipation and kinetic and gravitational potential energies are considered negligible. The system mean void fraction ͑SMVF͒ model is a type of separated flow model. Unlike the partial differential equation formulations of other modeling techniques, such as the drift-flux model, the SMVF model does not contain any empirically determined coefficients and results in ordinary differential equations derived from integral formulations of the fundamental principles. The major simplifying attribute of the SMVF model is the time invariance of the system mean void fraction. This time-invariance assumption has the effect of uncoupling the conservation of mass and energy equations governing the extent of the two-phase region from the transient form of the momentum equation, an analytical simplification of considerable magnitude. From a mathematical perspective, time invariance of the system mean void fraction is guaranteed by the existence of a similarity relationship, which from a physical perspective requires that a specific redistribution of liquid and vapor within the two-phase region take place at a rate faster than that of the particular flow transient under consideration. This implies that within the two-phase region, only the steady-state form of the momentum principle is necessary.
With any two-phase flow phenomena, in general, inherent stochastic fluctuations in system quantities, such as flow rate and pressure, are always present. Most transient and, in fact, steadystate measurements reported in the literature, therefore, represent time-averaged quantities; that is, quantities where the averaging time is large enough to eliminate the stochastic fluctuations, but short enough so as not to interfere with the deterministic transient, which is the focus of interest in transient two-phase flow phenomena.
System Mean Void Fraction Model
The primary purpose of the research described in this paper is to extend the predictive capability of the system mean void fraction ͑SMVF͒ model to include the capability of predicting transient-response characteristics in cases where the effects of condensate inertia are significant, which has not been done in prior research. The detail of the analysis was presented by Kobus et al. ͓7͔ for single-or multitube condensing flow systems. In this prior research, inertia was considered in developing the governing differential equations, but was later neglected for obtaining the solution.
A schematic of a single-tube condensing flow system is depicted in ͓8͔. Viscous dissipation, longitudinal heat conduction, and changes in kinetic energy are negligible. The spatially averaged heat flux for the condenser tube is assumed to be time invariant. Since thermodynamic equilibrium is assumed to exist in the two-phase region, all thermodynamic properties are assumed to be saturated properties, independent of axial position, and evaluated at the mean condensing system pressure, which is, however, allowed to vary with time. The local flow quality and local area void fraction are allowed to vary within the two-phase region with both axial position and time. The region upstream of the two-phase region is assumed to be adiabatic and saturated.
The system mean void fraction model is a one-dimensional, two-fluid, distributed parameter integral model representing a way of modeling the transient characteristics of the effective point of complete condensation ͑t͒. The SMVF model incorporates the concept of a time-invariant system mean void fraction ␣ . Although the system mean void fraction is assumed to be time invariant, changes in the local area void fraction ␣͑z , t͒ are allowed by the model in both axial position in the tube and time. The validity of this simplifying assumption can only be demonstrated by the success of the SMVF model in predicting a wide range of transient evaporating and condensing flow phenomena, consisting of single-and multitube systems, for dynamic response characteristics and unstable flow phenomena. Although there must inevitably be limiting bounds for this very fundamental assumption, it has yet to be found experimentally. The differential equation governing the effective point of complete condensation, obtained from the combined conservation of mass and energy equations ͓7͔, is expressed as follows:
where c = Ј͑hЈ − h͒␣ A t f q P
͑2͒
In Eqs. ͑1͒ and ͑2͒, f q represents the spatially averaged heat flux, which can be found prior to running the experiment by theoretical means ͓9͔. The system mean void fraction ␣ is defined in terms of the local area void fraction ␣͑z , t͒ and represents the integral form of the mean value theorem; thus,
͑3͒
The particular void fraction model used in Eq. ͑3͒ is that of Zivi ͓10͔, chosen for its simplicity, yet sufficiently accurate for these types of condensing flow problems. However, any void fractionflow quality relationship that is valid over the full range of flow qualities would yield similar results. It was established in previous early research that the system mean void fraction is essentially time invariant. The differential equation governing the outlet liquid flow rate, m t,o ͑t͒, is expressed as
and where
In Eq. ͑5͒, i is the system inertia time constant, comprised of the length of the condensing flow system L ͑condenser subcooled liquid plus liquid length downstream of the condenser͒ the crosssectional area, and the flow resistance at the outlet k o * . Equation ͑6͒ represents the compressible flow system time constant and depends largely on the system vapor volume, including the upstream vapor volume V u , the vapor volume in the two-phase region, Eq. ͑7͒, as well as an effective vapor volume due to changes in the fluid properties with pressure changes, Eq. ͑8͒. It also depends on the flow resistance coefficient, Eq. ͑10͒, which depends mostly on an outlet flow resistance coefficient obtained from pressure drop calculations ͓7͔.
To solve the above set of one-way coupled governing differential equations, represented by Eqs. ͑1͒ and ͑4͒, Eq. ͑1͒ may first be solved for ͑t͒. For the case of an exponential inlet vapor flowrate variation,
͑12͒
Substituting Eq. ͑12͒ into ͑1͒, a closed-form solution for ͑t͒ may be obtained; thus, 
͑17͒
Referring to Eq. ͑15͒, the outlet liquid flow rate may overshoot and oscillate about its final steady-state position because of the presence of inertia. The oscillations would eventually decay and converge to the final flow rate m t,f , for the underdamped case, i Ͻ 1. If the effects of inertia are negligible, then the outlet liquid flow rate would not overshoot the final value of the flow rate after the initial flow surge. The solution of Eq. ͑14͒ thus depends on the magnitude of the damping coefficient i . For the case of underdamping, which is of interest here, the solution of Eq. ͑14͒ involves the homogeneous solution of Eq. ͑15͒, with the differential operator D, where, for the case where the damping coefficient is less than unity,
Since Eq. ͑18͒ contains two imaginary and unequal expressions, the complimentary solution will be the sum of two trigonometric functions with unknown coefficients. 
Experimental Verification
The experimental apparatus used in the present research is the same as described by Kobus et al. ͓7͔ . Therefore, the details of the experimental apparatus will not be repeated here. Briefly, however, uncertainties in differential pressure measurements were less than ±0.138 kPa ͑±0.02 psi͒ because, prior to every test, all pressure transducers were calibrated against a digital pressure transducer ͑Mensor model 14000 digital pressure gage͒, whose accuracy was better than ±0.069 kPa ͑±0.01 psi͒. Uncertainties in absolute pressure measurements were ±1.38 Pa ͑±0.2 psi͒. Temperature measurement uncertainties were ±0.42°C ͑±0.75°F͒. The standards that were used for flow-measurement calibration were liquid and vapor turbine-type flowmeters, which had an accuracy of ±2% of flow. The calibration curve for the inlet orifice vapor flowmeter was accurate to within ±5% of the flow rate, whereas the outlet variable-orifice liquid flowmeter had a slightly higher uncertainty of ±7 -8%. However, steady-state tests showed that the inlet orifice vapor flowmeter measured the flow rate to within 3% of that measured by the vapor turbine flowmeter in the feeder tube for a wide range of flow rates.
Once the system was settled to a steady state, a flow change was initiated with the manual flow control valve and the response recorded. Different conditions could be obtained by changing the temperature of the hot water in the vapor generator, the chilled water circulating around the condenser tube, and the cold water in the low-pressure reservoir. Different flow rates were obtained simply by adjusting the manual flow control valve on the apparatus. Also, the length of the section downstream of the condenser tube was changed to increase the effect of inertia. In this case a length of up to 10 m was added to achieve sufficient mass. Tests were repeated by returning flow and temperature conditions to what they were prior to the transient. Although many sets of data were run ͑ϳ30 sets for just the transient flow surge phenomenon͒, the following illustrations are representative of the bulk of the data where the influence of inertia was most prominent. Based on prior research ͓8͔, it was seen that the flow surges were of greatest magnitude when the condensing flow system time constant c was small, which is the case when the heat flux is high. Therefore, all of the tests in the current research were run under the highest heat flux obtainable by the experimental apparatus, ϳ10.8 kW/ m 2 . Also based on this prior research, the flow surge phenomenon was maximized by faster perturbations. Therefore, the inlet flow change was minimized with m ϳ0.1 s for all tests. In addition, the effect of compressibility had to be minimized enough to maximize the influence of inertia. The most varied experimental parameter in the current research is the inertia system time constant i , Eq. ͑5͒. By keeping the outlet flow resistance small k o * and the area of the tube A t constant, the length downstream of the condenser was the easiest parameter to change. Figure 1͑a͒ illustrates the effect that a small increase ͑10 and 12% for Figs. 1͑a͒ and 1͑b͒ , respectively, as indicated by the difference in the initial and final flowrates, m t,i and m t,f , in the Fig.  1 parameters͒ in the inlet vapor flow rate has on the outlet liquid flow rate. It is clear that a flow surge of large magnitude, in this case ϳ300% of the mean flow rate, occurs. Superimposed on Fig.  1 is the prediction of the system mean void fraction model from prior research ͓8͔, which did not account for the effect of subcooled liquid inertia. Also superimposed is the prediction of the current SMVF model that includes the effect of inertia. In this case, it is clear that the system is substantially underdamped, as indicated by the overshoot characteristics observed both in the experimental data as well as the prediction of the current model. Note that the damping coefficient is very low, i = 0.086, primarily resulting from a large inertia system time constant i , which, in turn, is large because of a long test section. Also, comparing the current SMVF model to its predecessor ͓8͔, it is clear that the prediction of the current model is far superior, accurately predicting the initial lag in the flow surge due to the condensate inertia and the overshoot characteristics, which are entirely missing from the prediction of the prior SMVF model where inertia was not considered. As seen in the above figure, the initial overshoot following the flow surge is of a large enough magnitude that the flow rate actually becomes negative, signifying a flow reversal ͑con-densate leaving the condenser momentarily stops and heads back into the condenser͒, which is shown both in the experimental data and the prediction of the current SMVF model. Figure 1͑b͒ illustrates another case of an underdamped transient response following a vapor flow-rate increase. In this case, the system is less underdamped than that in Fig. 1͑a͒ , with a damping coefficient of 0.214, larger than that of Fig. 1͑a͒ because of a smaller inertia system time constant due to shorter condensing system total length. Similar to what was seen in Fig. 1͑a͒ , the current SMVF model again predicts the initial flow surge, including initial delay, as well as the overshoot characteristics before a new steady state is reached.
Physically, flow surges in in-tube horizontal condensing flow systems occur because, as the vapor flow rate is increased, lower density vapor tends to displace the higher density liquid in the two-phase region. This displacement, in turn, simultaneously causes a temporary excess of vapor in the two-phase region, and the higher density liquid to leave the condenser, resulting in a flow surge. Once this excess vapor is condensed, the system reaches a new steady-state condition. The liquid inertia will temporarily delay this type of flow surge, but, once it occurs, the inertia will then try to keep the flow surge from decaying back to the new steadystate position, potentially resulting in a surge of larger magnitude than would otherwise occur when inertia effects are small.
Conclusions
The current research presents the experimentally verified predictive capability of a system mean void fraction ͑SMVF͒ model that predicts large transient flow surges due to perturbations in the inlet vapor flow rate entering the condenser, including the effects of subcooled liquid inertia of the condensate leaving the condensing flow system. The SMVF model was seen to be in good agreement with the experimental data. One of the salient features of the SMVF model is its simplicity, especially in light of the various complexities in modeling two-phase flow phenomena. Yet, in spite of such simplicity, the SMVF model appears to retain the dominant physical mechanisms necessary for accurately predicting transient flow surges and frequency-response characteristics in condensing flow systems, including the effects of inertia coupled with compressibility in the upstream and two-phase vapor regions, property variations with pressure changes, and local and spatial variations of the local area void fraction.
